ABSTRACT: Potassium ion concentration can be successfully determined volumetrically by moving the titration from a homogeneous phase to a two-phase solvent system. This is because potassium can be readily complexed in a selective and thermodynamically stable manner by ionophores such as valinomycin. Previous work demonstrated the successful titration of potassium by ionexchange into an organic phase containing valinomycin, but the sample itself served as titrant, which is not sufficiently practical for routine applications. This problem is overcome here by a coextraction-based approach, where the sodium salt of the water soluble lipophilic anion tetraphenylborate serves as titrant. The extraction of potassium tetraphenylborate must be preferred over that of the hydrogen ion -tetraphenylborate pair, which is used to indicate the endpoint by the presence of a lipophilic indicator in the organic phase. This is controlled by the sample pH, which for the conditions chosen here is around 7 for optimal sharpness and accuracy of the endpoint. The approach is demonstrated in a colorimetric detection approach, by use of a tethered digital camera and subsequent automated analysis of the resulting image files. The potassium analysis in a variety of samples is successfully demonstrated, including blood serum.
The detection of alkali metals in physiological samples forms an essential part of clinical diagnostics.
1 Potassium concentration in blood and serum is in the range of 3.5-5.5 mM. 2 Early blood analysis was performed by flame photometry. 3 With the discovery of valinomycin and its use in liquid membrane ion-selective electrodes, 4 potassium detection moved essentially to a sensing approach by means of direct potentiometry. Today, centralized clinical analyzers, benchtop analyzers as well as handheld devices are all based on essentially this same technology. 5 Drawbacks of direct potentiometry include a relatively poor sensitivity, which originates in the nernstian response slope of the membrane electrode. Accordingly, the clinical range of 3.5-5.5mM corresponds to a total potential change of just 12 mV, and modern probes are therefore temperature controlled and carefully recalibrated after each measurement. 6 Fundamentally, direct potentiometry gives information ion activity, rather than concentration, a complication that is minimized for reasonably uniform samples such as blood.
Optical sensors for potassium analysis have been put forward, either on the basis of valinomycin embedded in an hydrophobic polymer film together with an appropriate indicator, 7-10 or by direct recognition with a molecular probe (AVLRoche).
11- 13 Optical sensors are still today less established than their electrochemical counterparts.
As an alternative to chemical sensing, one may be able to achieve a temperature independent approach that requires no device calibration, by using titrimetry.
14- 16 Volumetric titrations can be automated 17 and afford excellent precision. 18 Unfortunately, alkali metal ions can typically not be titrated with a water soluble probe. Tetraphenylborate is known to form an insoluble precipitate with potassium, 19 and this reaction has been demonstrated in the titrimetric analysis of potassium, for example by the voltammetric detection of excess tetraphenylborate as endpoint indicator.
20, 21 Unfortunately, this approach is not applicable to potassium assays in complex biological samples.
Recently, the titrimetric analysis of potassium was demonstrated with a two-phase solvent system, using valinomycin as selective molecular probe in the organic solvent that also contains a lipophilic cation-exchanger. 22 Any potassium will then quantitatively ion-exchange with the original counter ion of the cation-exchanger in the organic solvent. Endpoint detection was achieved by a lipophilic pH indicator in the organic phase: after exhaustive ion-exchange of the original counter ion, the more tightly bound hydrogen ion is expelled, again by ion-exchange with potassium. This deprotonates the indicator and results in a color change. The approach was demonstrated to be sufficiently selective for the titration of serum samples. 22 However, the titrant is either the sample solution or the organic phase containing the selective reagents. The former is not practical as it requires a large sample volume and a complicated assay that is prone to cross-contamination. The latter is not desired because the reagents are expensive and the solvent volatile and therefore difficult to deliver accurately.
To overcome this important limitation, we introduce here a titrimetric approach with the sodium salt of a lipophilic anion as aqueous titrant. The titration is performed by adding a predetermined volume of the sample to the two-phase mixture and titrating with this titrant, which promotes the coextraction of potassium and the lipophilic anion into the organic phase. As in earlier work, 22 and to anticipate an application in low resource environments, the titration is followed by monitoring the color of the two-phase mixture with a digital camera, using the change in Hue value to indicate the endpoint.
EXPERIMENTAL SECTION
Reagents. Sodium tetraphenylborate (NaTPB), tetramethylammoniumchloride(TMACl), tetraethylammoniumchloride(TEACl), tetrabuthylammoniumchloride (TBACl), 9-(Diethylamino)-5-(octadecanoylimino)-5H-benzo [a] phenoxazine (Chromoionophore, CHI), valinomycin (potassium ionophore I), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris), lithium chloride (LiCl), sodium chloride (NaCl), potassium chloride (KCl), magnesium chloride (MgCl 2 ), calcium chloride (CaCl 2 ), hydrochloric acid (HCl), dichloromethane (CH 2 Cl 2 ) were obtained from Sigma-Aldrich. Samples were purchased from a local supermarket in Switzerland or collected from the River Rhône and Lake Geneva. Human serum was obtained from Hôpitaux Universitaires de Genève (HUG) and kept at -20 0 C before use. An aliquot of 100 µL serum was used for analysis (addition to the aqueous pH 7 buffer and CH 2 Cl 2 solvent mixture, see below).
Preparation of ion selective reagents. To prepare the ion selective reagents, typically 1.00 mg of valinomycin was dissolved in 2.0 ml of CH 2 Cl 2 mixed with 50 µL of lipophilic indicator CHI from a stock solution that was prepared from CHI 0.50 mg dissolved in 5.0 mL of CH 2 Cl 2 .
Optical Titrations. Typically, 2.0 mL of ion selective reagents dissolved in dichloromethane were added into a glass vial. To this was added a fixed volume, typically 300 µL, of sample solution mixed with 10 -2 M tris-HCl pH 7 buffer solution to achieve a final aqueous volume of 2.0 mL. Titrations were performed by a home-made automated titrator where NaTPB titrant solution was delivered from a syringe pump into the glass vial containing the dichloromethane-water mixture, shaking continuously. The color of the organic phase was found to change from from reddish to blue at the titration endpoint.
For selectivity determination, the CH 2 Cl 2 phase contained 1.0x10 -5 M valinomycin, 1.2x10 -6 M NaTPB, 1.2x10 -6 M CHI, performed and analyzed in analogy to earlier work. 22 In the course of the titration, HSV data (Hue, Saturation, and Value) were extracted from the imaging camera. These are derived from the RGB (Red, Green, and Blue) color model by the equations below Instrumentation. Optical signals were measured with a digital camera (Canon EOS 5D Mark II) or a UV-visible absorption spectrometer (SPECCORD 250 plus, Analytical Jena, AG, Germany). The home-made automated titrator consisted of a syringe pump (KD Scientific) and vortex mixer (Heidoph). Hue values from the pictures of the shaking vial were obtained in an automated fashion by a routine written in Wolfram Mathematica software. The routine loops through each image contained in a folder, using the image name and the known acquisition period and flow rate to assign the image to the appropriate titrant volume. It then involves cropping the image to the desired dimension for the extraction of the color information, done once manually then automatically for all subsequent images, computing the average hue value from the image, and saving to a list with the associated titrant volume for subsequent data analysis and plotting.
RESULTS AND DISCUSSION
Scheme 1 shows the principle of titration, using the salt of a lipophilic anion as titrant. In the absence of potassium, or at the endpoint, hydrogen ions and the lipophilic anion should spontaneously coextract into the organic phase, thereby protonating the lipophilic indicator, chromoionophore I. If potassium ions are present in the sample, coextraction of potassium and the same anion will instead be preferred, as the ionophore valinomycin facilitates the phase transfer of potassium by the formation of a complex of high stability. In that case, the color change only occurs after all potassium has been removed from the aqueous solution. Scheme 1. a) In the absence of potassium, or at the endpoint, tetraphenylborate (A-) will spontaneously extract with hydrogen ions into the organic phase, which results in the protonation of the indicator, changing the color of the solution. b) In the presence of potassium, the coextraction of the potassiumtetraphenylborate ion pair into an organic phase containing excess valinomycin is preferred over the process shown in a). The color change is observed only once all potassium has been extracted.
Sodium tetraphenylborate was chosen as candidate to demonstrate the concept of coextraction titrimetry. It is water soluble, relatively inexpensive and can in principle be decomposed electrochemically. Earlier work has demonstrated that the partitioning of tetraphenylborate between an aqueous and organic depends dramatically on the presence of an ionophore in the organic phase that forms stable complexes with the ion of interest. 24 The partition coefficient, , of the tetraphenylborate anion R -is given by the ratio of the molar concentrations in the aqueous and organic phases as follows:
On the other hand, the phase transfer equilibrium is described by the co-extraction of the anion R -and a monovalent cation I + , described with the following equilibrium constant:
(2) If the coextracting cation is potassium one may use eq 2 to describe the partition coefficient as:
If instead potassium is complexed by valinomycin, eq 3 is rewritten to respect for the complex formation constant, :
From eqs 3 and 4, the partitioning of tetraphenylboratepotassium into the organic phase will be facilitated by the ionophore by a factor of if the complex is thermodynamically stable:
Valinomycin exhibits complex formation constants with potassium on the order of = 10 10 , 25 giving a seven orders of magnitude enhancement of partitioning with a millimolar concentration of valinomycin in the organic phase.
To understand the endpoint detection, the coextraction of tetraphenylborate with hydrogen ions may be considered in analogy to eq 4, using the dissociation constant, K a , of the lipophilic indicator in the organic phase:
A successful endpoint detection requires >
. Extraction of hydrogen ions should occur once all potassium has been removed from the sample. Other sample ions of the type J + should not interfere in the titration as long as the following condition is fulfilled:
but at the same time: . This is analogous to valinomycin-based membrane electrodes, where the selectivity is sufficiently high for most applications of practical relevance. On the other hand, as indicated in eq 8, interfering ions should extract less favorably than the hydrogen ion to avoid distortion of the endpoint. To explore the influence of the nature of the cation on its extraction with tetraphenylborate into a methylene chloride solution containing the lipophilic indicator chromoionophore I, three different tetraalkylammonium ions of different lipophilicity were explored at pH 7. The organic phase contained no ionophore for this experiment. As shown in Figure 1 , tetramethylammonium does not facilitate the extraction of tetraphenylborate, as the immediate color change upon addition of NaTPB indicates protonation of indicator according to eq 6 (Scheme 1a). The presence of the more lipophilic tetraethylammonium ions results in a color change spread out over a wide titration volume, suggesting that the partitioning of tetraphenylborate according to eq 6 is of similar strength compared to that involving the quaternary ammonium ion. Only the presence of tetrabutylammonium gives the desired behavior, where the color change occurs only after complete extraction of this cation, as indicated by the broken vertical line. A sharp endpoint, therefore, requires preferential extraction according to eq 4 (Scheme 1b) relative to the reaction involving hydrogen ions (Scheme 1a). Figure 2 shows that the successful coextraction titration of potassium with tetraphenylborate requires valinomycin in the organic phase. In analogy to Figure 1 with tetramethylammonium, the absence of ionophore only results in the extraction of the hydrogen ion-tetraphenylborate pair, independent of potassium concentration. In contrast, the presence of valinomycin facilitates the coextraction of potassium and tetraphenylborate, in analogy to the titration of tetrabutylammonium in Figure 1 .
The quality of the colorimetric endpoint detection should depend on sample pH, as the associated reaction involves extraction of hydrogen ions, see eq 6 and the reaction Scheme 1a. This is indeed observed in Figure 3 , where the colorimetric endpoint is found to lose sharpness at lower pH. For increasing acidity, the indicating reaction (Scheme 1a) becomes increasingly dominant relative to that for potassium extraction, blurring the endpoint detection. This is in analogy to Figure 1 , where the preferred extraction of quaternary ammonium ions over hydrogen ions diminishes with lower lipophilicity of the former. While pH 7 gives the sharpest endpoint, an excessive pH is expected to sacrifice selectivity, as other ions may increasingly be extracted preferentially before hydrogen ions. The failure of this condition (eq 8) may explain the onset of an endpoint shift at pH 9 in Figure 3 . At pH 7, titration endpoints were found to scale with potassium concentration. This is demonstrated in Figure 4 , where three different potassium loadings were explored, giving sharp endpoints that depend linearly on the potassium amount in the sample. Accuracy was found to be better than 1% (n= 3). In complete analogy to titrations in homogeneous phase, best results are obtained after subtraction of the volume required to titrate the indicator alone (indicator error). The amount of CHI has no effect on the endpoint if it is sufficiently small compared with the amount of TPB -. Otherwise, the endpoint will shift without blank correction. The selectivity of the potassium selective reagent for titration was studied spectrophotometrically, using absorbance as optical signal, in complete analogy to earlier work. 22 Figure 6a shows absorbance spectra of an organic phase that contained excess amount valinomycin, and TPB -and CHI in a 1:1 mole ratio in contact with a pH 7 buffer. Initially, the solution gives a strong absorption at 658 nm from the protonated form of CHI. Incremental concentrations of potassium were added into the solvent mixture, resulting in an absorbance decrease at 658 nm and an increase at 538nm, associated with the deprotonation of CHI. The selectivity is characterized in Figure 6b with analogous experiments with the potential interferences sodium, lithium, calcium and magnesium. The horizontal distance between the individual response curves indicates the logarithmic ion selectivity, in analogy to optical sensors. Accordingly, sodium, lithium, calcium and magnesium are discriminated against by 3.4, 4.2, 4.7 and 5.1 orders of magnitude, respectively, comparable to literature values.
22
Figure 7. Colorimetric titration curve of potassium in human serum. A human serum aliquot of 100 µL was added to 2 mL 10 -2 M Tis-HCl pH 7 buffer and 2 mL potassium ion selective reagent, with 3x10 -3 M NaTPB as titrant. The volume of added NaTPB at the endpoint was found as 142 µL.
The coextraction titration principle introduced here was applied to the determination of potassium in a variety of samples. The automatic titration system consisted of a syringe pump for delivering the NaTPB titrant and a vortex for continuous efficient mixing of the two phases of buffer solution and CH 2 Cl 2 . During titration, images were captured by a tethered digital camera at 10-s intervals. The titration curves were obtained by plotting the observed hue value from the organic phase of each image as a function of titrant volume, as shown in figure 7 for the analysis of serum. Table 1 shows the results for the determination of potassium in various samples. The results agree with those from atomic emission spectrometry as reference method. 
CONCLUSIONS
A water soluble titrant, such as sodium tetraphenylborate, allows one to greatly improve the practical applicability of ionophore-based titrimetry, as established here for the detection of potassium concentration. Earlier work required one to use the sample as titrant, or the organic phase, both of which are not practical. It is anticipated that a number of other ionic species may be titrimetrically determined using the same titration reagent, making the parallel analysis of electrolytes a possibility. Additionally, as tetraphenylborate is chemically and electrochemically labile, there is scope to achieve a reversal of the extraction step by adequate postreaction treatment. This should make it possible to recycle the organic phase and ionophore for subsequent determinations.
